The fire ant Solenopsis invicta and its close relatives are highly invasive. Enhanced social cooperation may facilitate invasiveness in these and other invasive ant species. We investigated whether invasiveness in Solenopsis fire ants was accompanied by positive selection on sociobiological traits by applying a phylogenomics approach to infer ancient selection, and a population genomics approach to infer recent and ongoing selection in both native and introduced S. invicta populations. A combination of whole-genome sequencing of 40 haploid males and reduced-representation genomic sequencing of 112 diploid workers identified 1,758,116 and 169,682 polymorphic markers, respectively. The resulting high-resolution maps of genomic polymorphism provide high inference power to test for positive selection. Our analyses provide evidence of positive selection on putative ion channel genes, which are implicated in neurological functions, and on vitellogenin, which is a key regulator of development and caste determination. Furthermore, molecular functions implicated in pheromonal signalling have experienced recent positive selection. Genes with signatures of positive selection were significantly more often those overexpressed in workers compared with queens and males, suggesting that worker traits are under stronger selection than queen and male traits. These results provide insights into selection pressures and ongoing adaptation in an invasive social insect and support the hypothesis that sociobiological traits are under more positive selection than nonsocial traits in such invasive species.
structure of ants is thought to be monogyny (i.e., a colony contains a single reproductive queen) (Hughes, Oldroyd, Beekman, & Ratnieks, 2008) , the most highly invasive ant species typically form polygyne colonies (i.e., a colony contains multiple reproductive queens). Additional traits associated with ant invasiveness include polydomy (multiple nests per colony), colony budding, preference for disturbed habitats, habitat/nesting generalism, and reduced intraspecific aggression and competition among colonies (Bertelsmeier, Ollier, Liebhold, & Keller, 2017; Holway, Lach, Suarez, Tsutsui, & Case, 2002; Passera, 1994; Rabitsch, 2011) . Extreme examples of the latter occur in several ant species that form large supercolonies consisting of multiple nests over large areas that function as a single large interbreeding unit (Giraud, Pedersen, & Keller, 2002; Tsutsui, Suarez, Holway, & Case, 2000; Vogel, Pedersen, Giraud, Krieger, & Keller, 2010) . A key feature of supercolony structure is reduced or lack of territoriality among colonies, a feature that likely is advantageous because it can lead to increased nest densities and rapid population growth. A population genetic study of Argentine ants (Linepithema humile), which form supercolonies in many introduced ranges, demonstrated that supercolonies exist within the native range as well, but are considerably smaller, most likely as a result of both competition with neighbouring conspecific supercolonies and with predators and competitors (Vogel et al., 2010) .
Another highly successful ant invader is the fire ant Solenopsis invicta. This ant species was inadvertently introduced to Alabama in the 1930s from its native South American range (Buren, Allen, Whitcomb, Lennartz, & Williams, 1974; Caldera, Ross, DeHeer, & Shoemaker, 2008; . Subsequently, it has spread throughout most of Southeastern USA, and was introduced into California, several Caribbean islands, the Virgin Islands, Australia, New Zealand, China, Taiwan and Japan (Ascunce et al., 2011; Davis, Vander Meer, & Porter, 2001; Moloney & Vanderwoude, 2002; Morrison, Porter, Daniels, & Korzukhin, 2004; Pascoe, 2001; Yang et al., 2009; Zhang, Li, Liu, & Porter, 2007) . Population genetic analyses inferred the source of the original US introduction to be a region at or near Clorinda, Herradura and Formosa in Northern Argentina, whereas all subsequent invasions apparently stem from the United States (Ascunce et al., 2011) .
Solenopsis invicta and its close relatives exhibit a social polymorphism whereby some colonies are monogyne and others are polygyne (Weeks, Wilson, Vinson, & James, 2004) . This social polymorphism is found in both the native range and introduced areas (Mescher, Ross, Shoemaker, Keller, & Krieger, 2003) . Multiple sociobiological traits aside from queen number differ between the two social forms, including mode of reproduction and dispersal and levels of internest aggression, which give rise to different colony and population structures within the two social forms (Gotzek & Ross, 2007; Ross & Keller, 1995) . Remarkably, the polygyne/monogyne social polymorphism is expressed as a simple Mendelian trait determined by a 13-Mbp-long, nonrecombining region on the so-called "social chromosome" (Wang et al., 2013) . Two distinct haplotype groups, SB and Sb, exist: monogyne queens always have an SB/SB genotype, whereas polygyne queens are always SB/Sb or Sb/Sb (Sb alleles in introduced areas and some native areas act as recessive lethal in queens). SB and Sb haplotypes diverged from each other hundreds of thousands of years ago (Wang et al., 2013) and are present in native S. invicta populations (Z. Yan, D. Gotzek, D. Shoemaker, K. Ross and L. Keller, unpublished) . This nonrecombining "supergene" contains more than 500 protein-coding genes, one or more of which being responsible for determining colony social form.
Recent studies suggest genes within this region, along with other genes across the rest of the genome, are involved in the regulation of social behaviour and other traits related to this social polymorphism. For example, a gene expression study found 39 differentially expressed genes between SB/SB and SB/Sb workers (Wang, Ross, & Keller, 2008 ). Eight of the 27 genes that could be mapped to linkage groups were outside of the supergene and on other chromosomes (Wang et al., 2013) . Genes belonging to functional categories involved in chemical signalling and olfactory response were overrepresented among these differentially expressed genes (five out of 39).
If variation in social behaviour is an important factor in the ecological success of this and other invasive ant species, then one would predict that local adaptation of populations may involve positive selection pressure on the genes underlying these traits. One might also predict stronger selection pressure on genes expressed in the worker caste relative to other castes because worker behaviour largely determines the fate of queens and social colony organization.
In this study, we attempted to test these predictions using the invasive fire ant S. invicta as a study system. More specifically, we tested the hypothesis that signatures of positive selection in invasive (USA) S. invicta are biased towards genes underlying sociobiological traits, including developmental mechanisms underlying caste determination, and neurological and chemical communication mechanisms possibly linked to social behaviour. In addition, we also examined patterns of positive selection in native populations. One might predict fire ants are locally adapted to different geographic areas across their large native range, partly as a result of multiple, ongoing invasions into new areas after disturbances (e.g., floods). In conclusion, we considered the possibility of selection acting much earlier in the fire ant lineage, specifically, near or after the transition from the ancestral nonaggressive, noninvasive thief ants to the aggressive, invasive fire ant clade in the genus Solenopsis. Our results largely support our main prediction. The signature of positive selection on multiple timescales was found in genes implicated in neurological functions, pheromonal signalling and caste determination; several of these molecular pathways and functions are implicated in sociobiological functions, especially in worker-specific traits.
| MATERIALS AND METHODS
We conducted a population genomic survey of S. invicta using a combination of whole-genome sequencing and restriction site-associated DNA (RAD) sequencing, a reduced-representation sequencing method (Baird et al., 2008) . RAD sequencing was applied to diploid PRIVMAN ET AL. | 3117 female samples from three locations in the native range in Northern Argentina and one location in the introduced range in Southeastern USA. Whole genomes were sequenced for haploid male samples from the native populations of Herradura and Alejandra in Argentina.
Each sample was taken from a different nest. Table 1 details the locations, number of samples and the type of genomic sequencing.
| Whole-genome sequencing
Total DNA was extracted from haploid male samples using the Gentra Puregene tissue kit (Qiagen), removing RNA with RNase A. Genomic libraries were constructed using the Illumina TruSeq kit, and ten samples were multiplexed per lane of 100-bp paired-end sequencing on an Illumina HiSeq 2000 sequencer (average fragment size of 495 bp). The whole-genome sequencing produced an average coverage of 11.9× per sample (range 5.0× to 25.4×; standard deviation 5.9). Identical pairs of reads were removed. Reads were filtered based on the Illumina Chastity filter and based on the Phred quality scores using DYNAMICTRIM version 1.12 (Cox, Peterson, & Biggs, 2010) .
Read pairs were aligned to the reference genome of S. invicta (version Si_gnH; NCBI Accession no. AEAQ00000000) using BOWTIE2 (Langmead & Salzberg, 2012) (version 2.0.2; "bowtie2 -q -p 10 -endto-end -very-sensitive -fr"). SNPs were identified and genotyped using Varscan (Koboldt et al., 2009) . A SNP was called if two or more samples supported each allele. Erroneous SNP calling due to repetitive sequences were filtered based on excessive coverage (more than two standard deviations above the mean) and based on the finding of heterozygous genotypes, which are not expected in haploid samples (assumed repetitive sequences that were collapsed during assembly of the reference genome leading to falsely inferred heterozygosity). A total of 1,758,116 SNPs were identified across the genome after quality filtering (one SNP every 230 bp on average).
In addition, the genome of the closely related species S. fugax was sequenced for use as an outgroup. Whole-genome sequencing of a single haploid male was used for a draft genome assembly by SOAPDENOVO (version 1.05, K = 63) and GapCloser (Li et al., 2010) . S. invicta proteins were mapped to the S. fugax assembly using GEN-BLAST (She, Chu, Wang, Pei, & Chen, 2009; She et al., 2011) , in which translated BLAST hits to exons are grouped to represent a putative gene models, while stitching hits at predicted splice site junctions.
Annotated protein sequences from the S. invicta reference genome were used as queries. Only one-to-one orthologous gene pairs were used for the SNIPRE analysis (based on reciprocal best BLAST hits). The coding sequences of orthologous genes were aligned using the program PRANK (Loytynoja & Goldman, 2008) , and sites with alignment uncertainty were masked using GUIDANCE, based on HoT (Heads-Or-Tails) scores (Landan & Graur, 2008; Penn, Privman, Landan, Graur, & Pupko, 2010) .
| RAD sequencing
DNA was extracted from diploid workers using the Gentra Puregene tissue kit (Qiagen), removing RNA with RNase A. RAD libraries were constructed as previously described (Wang et al., 2013) based on the protocols of Baird et al. (2008) and Etter, Bassham, Hohenlohe, Johnson, and Cresko (2011) . In short, approximately 0.2-0.5 μg of DNA per individual was digested with PstI-HF enzyme (New England Biolabs) and ligated to one of 96 barcoded P1 adapters with unique 5-bp barcodes. Ligated samples were pooled and randomly sheared (Fisher Scientific Sonic Dismembrator), and 400-to 600-bp fragments were size selected by gel purification using the MinElute Gel Extraction Kit (Qiagen). Fragments were blunted, and a 3′ dA overhang added before the P2 adaptor was ligated. Purified samples were amplified for 15 to 18 cycles and gel purified (400-600 bp).
Between 31 and 68 samples were multiplexed per lane of 100-bp single-end sequencing on an Illumina HiSeq 2000 or 4000 sequencer. Sequence reads were mapped to the Si_gnH reference genome using BOWTIE2 (Langmead & Salzberg, 2012) , and SNPs were identified and genotyped using STACKS (Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011) . RAD tags had an average coverage of 30× per sample (range 3.9× to 68.0×; standard deviation 13.5). A SNP was called if two or more samples supported each allele. Erroneous SNP calling due to repetitive sequences was filtered based on excessive coverage and based on the finding of heterozygous genotypes in the same loci of the haploid male samples (as above). 71,118 RAD tags with 169,682 SNPs remained after filtering, which is one pair of adjacent RAD tags (one restriction site) every 11 kbp on average.
| Structure
STRUCTURE version 2.3.4 (Pritchard, Stephens, & Donnelly, 2000) was used to infer population structure from a random sample of 1,000 
| 3119
SNPs from the RAD sequencing data. Four chains were run until convergence for each value of K. K = 3 was chosen because higher values of K did not further subdivide the samples into more than three clusters.
| SNIPRE
We used the SNIPRE algorithm (Eilertson, Booth, & Bustamante, 2012) to infer long-term selection pressures for each protein-coding gene based on the ratio of nonsynonymous to synonymous substitutions that accumulated since the divergence of fire ants Fisher's exact test corrected for multiple testing (Benjamini & Hochberg, 1995) .
To investigate positive selection on caste-specific genes, we intersected the list of genes under positive selection with the list of genes differentially expressed among castes, as defined by Ometto, Shoemaker, . That study used a gene expression microarrays representing over 11,000 transcripts (Wang et al., q-value = 0.007), more specifically ion channels and gated ion channels (q-value 0.002 and 0.049, respectively). There is also marginally significant enrichment for calcium ion channels (q-value = 0.119). Of the 70 positively selected genes, the genes annotated with the enriched GO categories include six ion channels, a component of an ion channel complex (unc-80), and genes involved in the transport of inorganic phosphate, alpha-tocopherol (a form of vitamin E), and long-chain fatty acids.
Gene ID Description
We also tested for enrichment of positively selected genes in genes displaying caste-specific expression, as defined by Ometto et al. (2011) . Genes that were overexpressed in adult workers relative to both queens and males had larger selection coefficients than queen-biased, male-biased and non-caste-biased genes (Figure 1b F I G U R E 1 (a) Distribution of selection coefficients inferred by SNIPRE (the gamma parameter). The range coloured in red includes the 70 genes that had a statistically significant signature of positive selection. (b) GSEA enrichment plot for the 57 genes with worker-biased expression and their ranking in the full list of 1,276 genes ordered by their selection coefficients. The enrichment score reflects the overrepresentation of worker-biased genes in the left-hand side of the ranked list (i.e., genes having higher selection coefficient). From left to right, the plot goes up for each worker-biased gene and down for any other gene [Colour figure can be viewed at wileyonlinelibrary.com] SNIPRE's gamma parameter in a set of 57 worker-biased genes out of a total of 1,276 genes that could be included in the analysis).
| Population structure
Population structure was inferred based on single nucleotide polymorphisms (SNPs) identified by reduced-representation genomic sequencing (see Section 2.2). Clustering by structure (Pritchard et al., 2000) revealed two divergent population clusters in the native range:
the Herradura samples and a cluster containing the Alejandra and El Recreo samples (Figure 2 ). All ants from the Pascagoula population in the United States belong to a single cluster, which also corresponds to a subset of the polymorphism in the Herradura population (all individuals from Herradura have membership in two clusters, with the majority membership the same as introduced ants). The same subclusters in Herradura were observed previously by Ascunce et al. (2011) and interpreted as representing the subset of polymorphism that passed the population bottleneck during the introduction and the subset that did not. Alternatively, this pattern may be the result of secondary contact of the Herradura population with another unsampled native population (Ross, Krieger, Keller, & Shoemaker, 2007 Domain annotation based on InterPro scan. (Eliyahu, Ross, Haight, Keller, & Liebig, 2011) and other ant species is much more complex than expected if they mainly functioned in preventing desiccation. Complex mixtures of methyl-branched alkanes are more water permeable than simple mixtures of strait alkanes, but simple mixtures contain much less information as chemical signals. This led previous authors to conclude that CHC evolution in ants is largely determined by their role as chemical signals (e.g., Hefetz, 2007) . The gene family of long-chain fatty acid reductases was enriched for genes under recent positive selection in the native range. Nine fatty acid synthase genes were among the top 50 genes under selection in the native range. Two of these genes were among the top selected genes in both the comparison within the native range and the comparison of the native and introduced ranges, suggesting ongoing or repeated selection pressures on the same genes.
| Population differentiation
Further evidence for recent selection pressure was found for two odorant-binding proteins, which are implicated in olfaction. However, no odorant receptors or other chemosensory receptors were found to be under positive selection, despite previous reports of widespread positive selection on these genes in ants (Engsontia, Sangket, Robertson, & Satasook, 2015; Roux et al., 2014; Zhou et al., 2015) .
This may be because our analyses were based on the standard automatic annotation of the S. invicta genome, which is known to miss many of these fast-evolving genes.
We also inferred ancient selection pressures after the divergence 25 ± 4 million years ago (Ward, Brady, Fisher, & Schultz, 2015) genes also implicated in neuronal functions (i.e., gephyrin, disabled, hormone form a regulatory feedback loop that plays a major role in the regulation of caste determination in social insects (Libbrecht et al., 2013) . In the honeybee, the single orthologous vitellogenin gene, a juvenile hormone esterase, and a juvenile hormone acid methyltransferase were also positively selected (Harpur et al., 2014) , suggesting that genes implicated in the regulation of caste determination are targets of positive selection in multiple social insect lineages.
The finding of larger selection coefficients for genes overexpressed in workers than in queens and males is in line with a gene expression comparison between S. invicta and S. richteri, which revealed more extensive evolutionary changes in the expression of worker-biased genes relative to other caste-biased and non-castebiased genes (Ometto et al., 2011) . Studies in honeybees also inferred stronger positive selection on worker traits related to the regulation of colony growth and development, caste determination and division of labour (Harpur et al., 2014; Kent, Issa, Bunting, & Zayed, 2011; Vojvodic et al., 2015; Zayed & Whitfield, 2008) . Harpur et al. (2014) inferred consistently stronger positive selection on honeybee worker-biased genes relative to queen-biased genes, as in our study. Vojvodic et al. (2015) observed the same pattern in genes that are overexpressed in worker-destined relative to queen-destined In contrast to our study indicating adaptive evolution on both synthesis and olfaction of pheromones, a recent study in the honeybee Apis mellifera found no evidence of positive selection on chemical communication genes (Harpur et al., 2014) . That study used comparable methodologies to our study to infer positive selection since the divergence of A. mellifera from the Asian honeybee A. cerana, between 17 and 33 million years ago (Cardinal, Straka, & Danforth, 2010) , and more recent positive selection by comparisons among A. mellifera populations. Another study of the socially polymorphic halictid bee Lasioglossum albipes revealed positive selection on two odorant receptors and one cuticular protein in a dN/dS analysis comparing a genome from a social population and a genome from a solitary population (Kocher et al., 2013) .
In comparison with the relatively recent positive selection pressures we analysed in this study, positive selection studies in ants and bees on a larger evolutionary scale detected different molecular functions under selection. Several phylogenomics studies used genomes from different genera to infer long-term selection pressures that generally characterize the evolution of ants (Roux et al., 2014) and social bees (Kapheim et al., 2015; Woodard et al., 2011) . The studies in bees found evidence for positive selection on genes impli- A caveat of our study is that we only have data from a single introduced population. In an unfortunate manner, all S. invicta populations studied to date appear to be secondary introductions from the introduced US population ( Ascunce et al., 2011) . Thus, the genes under positive selection following the first introduction may be specific to the conditions of this geographic region. It would be interesting to conduct a similar study with other species that were independently introduced to new ranges to identify whether specific genes or molecular functions repeatedly experience positive selection in different environmental conditions.
In conclusion, we found evidence for positive selection on genes implicated in sociobiological traits in all evolutionary timescales examined: from the early divergence between the more invasive Solenopsis fire ant and thief ant lineages to recent selection in native and introduced populations. Positive selection on worker-biased genes and genes implicated in neurological functions, pheromonal signalling and caste determination supports the hypothesis that sociobiological traits are a target for positive selection in invasive fire ants, more so than traits solely related to environmental factors in new ranges. Combined with previous studies in honeybees and halictid bees, these results suggest that natural selection targets similar molecular pathways and functions that underlie worker traits in different social insect lineages and that sociobiological traits are also under positive selection an invasive social insect.
